Introduction
Bursts of ultrafine particle concentrations have frequently been observed at several locations in the world in recent years [1] . It is important to know the production mechanisms responsible for these bursts and whether the formed ultrafine particles are able to grow to sizes of radiatively active aerosol and cloud condensation nuclei (CCN) that have a substantial effect on the Earth's radiation budget and climate. The number distributions of atmospheric aerosols are determined by several physicochemical processes, of which the particle formation process involving nucleation and condensational growth to observable sizes is crucial.
In order to understand the nucleation process, identification of the atmospheric perturbations predominantly responsible for it is required. Generally, the probability of new particle formation is connected to the preexisting particle concentration, proper precursors, cloudiness, air mass advection, etc. [2] . Nilsson et al. [3] related the nucleation events to cold air mass advection and explained that events occur more frequently during spring and autumn at larger latitudinal temperature gradients and higher cyclone activity at that time of the year. Nucleation events were also observed in the outflow regions of convective clouds [4] and in regions that had been cleansed by rain [5] .
Despite intensive research during several decades, the fundamental mechanism that leads to new particle formation remains uncertain. The binary homogeneous nucleation mechanism of water and sulphuric acid, which has generally been assumed to be the principal mechanism for new particle formation in the atmosphere, is often unable to explain the observed nucleation rates. Alternatively, ternary homogeneous nucleation, also involving ammonia [6] , has been suggested as a means of accelerating the nucleation process [7] [8] [9] .
In this work, we intend to relate the nucleation events to atmospheric circulation and local meteorological parameters. Air mass backward trajectories are used to estimate the prehistory of sampled air. Trace gas (O 3 , NO x , and SO 2 ) concentrations are analysed together with several meteorological parameters (radiation, temperature, relative humidity, wind speed). The observed nucleation mode growth, the source rate of condensable material, and the changes of hygroscopic properties during the nucleation and growth events are evaluated using equations describing the rate of change of vapour concentration, aerosol particle number concentration, and particle growth.
Experimental
The environmental pollution research station in Preila (Lithuania) is located on the Curonian Spit, which separates the Curonian Lagoon and the Baltic Sea. The Curonian Lagoon is a highly eutrophied water body. It is an enclosed shallow (mean depth 3.7 m) bay, connected to the Baltic Sea by the narrow (width 400-600 m) Klaipėda strait. At the Preila station the aerosol particle number concentrations and size distributions in the 10-200 nm size range were measured using differential mobility particle sizer (ELAS-5Mc) developed in the Environmental Physics and Chemistry Laboratory, Institute of Physics, Lithuania. More information can be found in Ulevičius et al. [10] . Meteorological data were provided by the Atmospheric Pollution Research Laboratory, Institute of Physics, Lithuania.
Theoretical

Basic equations
The observed nucleation mode growth, the source rate of condensable material, and the changes of hygroscopic properties during the nucleation and growth events are analysed using three equations describing the rate of change of vapour concentration, aerosol particle number concentration, and particle growth. Considering condensable vapour molecules of species X, the time dependence of vapour concentration C can be expressed (see also [11] ) by
where Q is the source rate of the vapour and S c is its condensation sink on the pre-existing aerosol. The time evolution for aerosol number concentration (N ) in size i class can be presented by
where J i is the formation rate of particles and S coag is the coagulation sink for size i particles. The growth rate can be expressed [12] as
Here r is the particle radius, m v is the molecular mass of condensable vapour, β m is the transitional correction factor for mass flux, D is the diffusion coefficient, and ρ is the particle density. Equation (3) can be integrated from r 0 to r to obtain
Here α is the mass accommodation coefficient (i. e., sticking probability) and λ is the mean free path. Directly from measurements of the aerosol size distribution changes and hygroscopicity properties, dr/dt, S c , S coag , dN 3 nm /dt, N nucleation mode , and the soluble fraction can be obtained.
Using the above equations and the experimental data, we can also determine J 1 (nucleation rate, or formation rate, for 1 nm particles), where 1 nm is assumed to be the size of a new particle. N 1 is the number concentration of 1 nm particles, N 3 is the number concentration of 3 nm particles. J 3 is the formation rate of 3 nm particles. In order to obtain J 1 , we developed a 5-step derivation of J 1 .
First, an expression for N 1 is required:
where K 1 is the coagulation sink for 1 nm particles. In practice, it is the coagulation between 1 nm particles and larger particles. Then, assuming a steady-state situation,
Second, the link between K 1 N 1 and J 3 can be determined referring to the fact that a fraction of N 1 particles will coagulate before they enter the 3 nm size range.
Coagulation of N 1 during the growth from 1 to 3 nm can be obtained from
Here N 1,3 corresponds to the concentration of particles growing from 1 to 3 nm, t is the particle growth time, and K is their coagulation sink. Thus, the fraction of N 1 coagulated during the growth is 1 − e −Kt , and the fraction of N 1 contributing to J 3 is e −Kt . Therefore,
and
Third, combining the above for J 1 ,
Fourth, as the equation for N 3 is
then it follows that
Finally, J 1 is given by
The time t in equations above corresponds to the particle growth time from 1 to 3 nm, and K is a typical coagulation sink during the growth, the actual value of which is close to K 1 . In practice, dN 3 /dt and N 3 are the formation rate of 3 nm particles and the number concentration of nucleation mode particles (larger than 3 nm). Therefore in Eq. (10) there is no condensational transport term that would move particles to larger sizes.
Condensation sink S c
The aerosol condensation sink determines how fast the molecules would condense onto pre-existing aerosol and it strongly depends on the shape of the size distribution [13] . As an example, the concentration of sulphuric acid [SA], which is determined by chemical production, nucleation, and condensation, can be expressed by
where k is the chemical reaction rate constant, n * is the number of sulphuric acid molecules in the critical cluster. The condensation sink S c is 4πD, S ′ c , and S ′ c is integrated over the aerosol size distribution:
Here the transitional correction factor β M can be expressed [14] as
The Knudsen number Kn = λ v /r, and the sticking coefficient α is typically assumed to be unity. In the molecular regime where Kn ≫ 1 we have β M ≈ 3r/(4λ v ) and S c ∝ r 2 . On the other hand, in the continuum regime where Kn ≪ 1 we get β M = 1 and S c ∝ r . However, typical tropospheric aerosol also includes the transitional regime and S c ∝ r a , where 1 < a < 2.
Coagulation sink S coag
The coagulation sink determines how fast the nmsize aerosol particles are removed due to coagulation. The coagulation sink can be determined from
Here K ij is the coagulation coefficient [15, 16] , which in the transitional regime is
where
is the coagulation coefficient in the continuum regime, D i = k B T C C /(6πµR i ) is the particle diffusion coefficient, and µ is the gas dynamic viscosity.
The Cunningham correction factor is given by C C = 1 + Kn(α 1 + α 2 exp(−α 3 /Kn)), where Kn is calculated for air, and α 1 = 1.142, α 2 = 0.558, α 3 = 0.999 [17] .
In the coagulation coefficient,
is the mean relative thermal velocity between the particles, c i = 8k B T /(πm i ) is the average velocity of particle i with mass m i , σ 12 = ̟ 2 1 + ̟ 2 2 is the distance at which the two fluxes are matched,
, where
Results
Air mass trajectories
For the Preila station the series of two day air mass backward trajectories were calculated for June, July, A classification of the trajectories of air masses coming from different directions is presented in Fig. 1 . A clear domination of air masses arriving from the western sector (about 20%) was observed. In summer, a clear domination of air masses originating from Central Europe was observed.
The air mass backward trajectory directions associated with the events are listed in Table 1 . Graphically, the same data grouped according to air mass backward trajectories are shown in Fig. 2 . In this case all events were classified for the March, June-October 2002 period to get better statistics. For the Preila station, most of the events were accompanied by air masses transported from N and N-W (Figs. 2, 3(c), 4(c) ).
Meteorological parameters
During the measurement period, the highest air temperatures corresponded to air masses originating from south and southeast. The northern air masses obviously caused lower temperatures. The median temperature varied between 13 and 21 • C at daytime. At night, the temperature was approximately 3 • C lower.
The Preila site showed a significantly high radiation. The lowest radiation fluxes corresponded to trajectories from west and southwest, which could be related to higher cloudiness. South was the direction that gave the highest global radiation values in Preila, where the 75th percentile was about 550 W/m 2 . June of 2001 was characterized by higher global radiation corresponding to air masses arriving from southeast. A similar situation was for the year 2002, the highest global radiation was when air masses came from east and southeast.
The relative humidity (RH) statistics of the Preila station were evaluated for the entire period of measurement. The Preila station is distinguished for high relative humidity due to marine environment, with a median of relative humidity of 75-95%. The backward trajectory directions and relative humidity do not show any connection in this location.
Due to coastal location, the magnitude of wind speed at the Preila station was high. The medians of wind speed varied between 2.5 and 6.5 m/s. Measurements of wind speed performed in Preila versus the air mass backward trajectories were studied. The highest wind speed was related to the air masses coming from west and northwest.
Gases
At the Preila station the concentrations of ozone were measured for the entire period. Slightly higher concentrations of ozone were associated with S-E, S, and N-W trajectory directions in 1997. In June 2000 the concentrations at the Preila station were the highest for the whole measurement period for all the directions considered, except N, N-E, and E, as no data for these directions were recorded. The median for this period was between 110 and 130 µg/m 3 . May 2001 and all the periods in 2002 showed the same trend as in 1997, with similar concentrations and a small difference caused by the air masses coming from southern directions.
The year 1997 was characterized by significantly higher concentrations of NO x , when a clear southward 
Aerosols
The aerosol size distributions were plotted as contour plots for each day (as a function of time). Examples of such plots, together with the number concentrations of each mode as well as air mass backward trajectories are shown in Fig. 3 The Preila events are not as straightforward to analyse, especially in terms of growth rates, as seen in Figs. 3(a), 4(a) . There is a clear formation of nucleation mode particles at the lower end of the detection limit (10 nm), but the mode does not show very clear growth (Figs. 3(b), 4(b) ). Instead, the particles disappear as soon as they are formed. This disappearance might be explained by the strong mixing of air masses. However, this type of nucleation resembles the nucleation events observed in the coastal environment [19] .
Nucleation and meteorological parameters
The formation of new aerosol particles appears to be highly correlated with a strong solar radiation, usually about 50-75% higher than the values recorded on nonevent days. There are only a few event days when nucleation occurs at low values of solar radiation. These values are recorded when the 10 nm particles are detected in the afternoon or evening. Having in mind that the particles need some time to grow from 2-3 nm to 10 nm [20] , the solar radiation was averaged for about 2-3 hours before the event time. These values are also well above the non-event day averages.
Sunny days can have a great influence on particle nucleation events because solar radiation at the same time can activate a few different independent mechanisms responsible for new particle formation. In Preila the biogenic emissions from the Baltic Sea can have influence. But these assumptions still must be investigated.
The relative humidity measured in Preila does not show any clear correlation with the particle bursts. In most of the cases, the relative humidity was higher for the event days than the average of the non-event days of the corresponding month.
Temperature and gas concentrations seem to be neutral factors for nucleation, showing no significant differences between event and non-event days. But there were some event days when SO 2 and NO x concentrations were two or even three times higher than on nonevent days. According to Boy and Kulmala [21] , temperature might have an influence on nucleation during the winter when solar radiation is low, but in summer and autumn the temperature plays an insignificant role.
Characteristics of nucleation events in Preila
For each event, the growth rate is calculated graphically from the contour plots (Figs. 3(a), 4(a) ), and furthermore, from the growth rate the concentration of condensable vapour can be estimated. Since the exact identity of the condensable vapour is unknown, the concentrations were estimated by using transport property values of sulphuric acid. Using the equations given in Section 3, the characteristics of nucleation event days at the Preila station were calculated. The results of those calculations are presented in Table 1 .
The growth rates in Preila varied between 1.2 and 9.9 nm/h (median was 3.9 nm/h). Unusually high growth rate values were obtained for days when air masses came to the station from western directions. Therefore this can be related to higher relative humidity, which could increase the growth of nanometrical particles. The formation rate was 0.14 cm −3 s −1 . Such a low value of the formation rate could explain why in Preila there are so few event days when compared with other measurement stations [20, 22] .
The median condensation sink was 1.5·10 −3 s −1 , and the vapour source rate was 8.06·10 4 cm −3 s −1 in Preila. It was estimated that coagulation sinks for 1 nm particles were higher and for 3 nm particles they were lower. It means that the smaller particles exist for a shorter time because they faster coagulate with larger ambient particles. Thus, the coagulation sink can be considered as the particle characteristic lifetime.
Conclusions
Meteorological parameters, trace gases, and aerosol concentrations measured at Preila were analysed and characterised with respect to air masses arriving at the station. As expected, there were very distinctive diurnal trends in the measurements. Ozone, temperature, and solar radiation present a single peak at noon or soon after and can be related to the sunlight intensity. The formation of new aerosol particles is clearly related to high values of solar radiation. A low concentration of preexisting particles represents another necessary condition for nucleation to occur. The other parameters measured (temperature and gases) do not show any distinctive connection with the nucleation process.
The total aerosol concentration and size distributions were measured and analysed. For each observed nucleation event the growth rate, new particle formation rate, condensation and coagulation sinks were calculated, and the concentration of condensable vapour was estimated. The growth rates varied between 1.2 and 9.9 nm/h. The formation rate was 0.14 cm −3 s −1 . Such a low value of the formation rate could explain why in Preila there are so few event days. The median condensation sink was 1.5·10 −3 s −1 , and vapour source rate was 8.06·10 4 cm −3 s −1 . Preila events show a clear formation process followed by a sudden disappearance, explained, probably, by a strong mixing of air masses. This kind of nucleation appears to be characteristic of coastal environment.
However, the relatively short time of measurements in Preila does not necessarily show the annual or seasonal behaviour, and therefore further studies are required.
